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CRESST-I

Xenon100

IS THERE NO NEW WEAK-
SCALE PHYSICS?

??
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Standard 
Model

Dark
Sector

High-scale physics

VARIETIES OF SUB-GEV DM

Standard 
Model

Dark
Sector

(an illustrative example)

High-scale physics
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VARIETIES OF SUB-GEV DM

Light Mediator
(hidden photon, photon, axion, ...)

(an illustrative example)

Standard 
Model

light
DM

Low-energy effective theory

See e.g. 1108.5383, 1111.0293, 1112.0493, 
1203.2531, 1203.4854, 1302.3898

small coupling
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nucleus

DM

Nuclear scattering transfers very little energy!
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nucleus

electron

DM

Energy available ≈ eV (mDM/MeV)
Electron scattering can transfer most of energy 
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Strategy:

Search for DM scattering with electrons

Signal is a single (or a few) ionized 
electrons

Sensitivity down to MeV scale
“Direct Detection of Sub-GeV Dark Matter”

Essig, Mardon & Volansky
arXiv:1108.5383

see also Graham, et al 1203.2531
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XENON10:
- Incredible sensitivity: could measure 
single electrons
-Hardware trigger only recorded single 
electrons during a 15 kg-day exp. in 2006
-Published in 2011

PROOF OF PRINCIPLE: XENON10

“A search for light dark matter in XENON10 data”
1104.3088

3

in the most conservative exclusion limits based on avail-
able data and theoretical considerations, and is consis-
tent with our neutron calibration data [32]. However,
it is in tension with the measurements of Ref. [18] be-
low ⇠ 7 keV. As discussed in [35], the rising measured
Q

y

values in this regime could be influenced by trigger
threshold bias.
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FIG. 2. The electron yield Qy of liquid xenon for nuclear re-
coils. Theoretical curves (solid and dashed) were calculated
following [28], as described in the text. Also showing mea-
surements from [18] (F), [31] (# and ⌅, uncertainty omitted
for clarity), and [32] (dash-dot curve, with ±1� contours).

We report results from a 12.5 live day exposure of the
XENON10 detector, obtained between August 23 and
September 14, 2006. This data set is distinct from the
previously reported [15–17] dark matter search data. The
di↵erence is that the present data was obtained with the
S2-sensitive trigger threshold set at the level of a single
electron.

Event selection criteria, which are summarized in Ta-
ble I, were applied as follows. A radial position r < 3 cm
was required. This central region features optimal self-
shielding by the surrounding xenon target. Discrimina-
tion of events with excessive single electron S2 noise was
obtained with a signal-to-noise cut, that required the pri-
mary pulse to represent at least 0.45 of the total area
of the event record. The energy dependence of this cut
rises monotonically from 0.94 to > 0.99 between 1.4 keV
and 10 keV. Valid single scatter events were required to
have only a single S2 pulse of size > 4 electrons. Events
in which an S1 signal was found were required to have
log10(S2/S1) within the ±3� band for elastic single scat-
ter nuclear recoils. This band was determined from the
neutron calibration data, and has been reported in a pre-
vious article [15]. Events in which no S1 signal was found
were assumed to be low-energy nuclear recoil candidates
and were retained.

TABLE I. Summary of cuts applied to 15 kg-days of dark
matter search data, corresponding acceptance for nuclear re-
coils "c and number of events remaining in the range 1.4 <
Enr  10 keV.

Cut description "c Nevts

1. event localization r < 3 cm 1.00a 125

2. signal-to-noise > 0.94 57

3. single scatter (single S2) > 0.99 37

4. ±3� nuclear recoil band > 0.99 22

5. edge (in z) event rejection 0.41b 7
a limits e↵ective target mass to 1.2 kg
b di↵erential acceptance shown in Fig. 1
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FIG. 3. (left panel) All candidate dark matter events re-
maining (⇥ and #) after the first four cuts listed in Table
I. The fifth cut is indicated by the shaded region. Events in
which an S1 was found are shown as #. The corresponding
number of electrons in the S2 signal is indicated by the inset
scale. (right panel) S2 pulse width distributions for single
scatter nuclear recoils in the top, middle and bottom third of
the detector.

The remaining events in the lowest-energy region are
shown in Fig. 3 versus their S2 pulse width �

e

. The
equivalent number of electrons is indicated by the inset
scale. A large background population of single electron
events is observed. The exact origin of this population
is uncertain, although it has been conjectured to arise
from photon scattering on impurities in the xenon [36].
Events in which an S1 signal was observed are indicated
by a circle.

We use �

e

to discriminate events in the center of the
active target from those near the top or bottom. The
right panel of Fig. 3 shows the width profiles of nuclear
recoils with known �t for three populations, defined on
the intervals 0 < z  5 cm, 5 < z  10 cm and 10 <

z  15 cm. Gaussian fits are shown to guide the eye.

number of ionized electrons

single/few-
electron events
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PROOF OF PRINCIPLE: XENON10
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First Direct Detection Limits on sub-GeV DM

Essig, Manalaysay, Mardon, Sorensen & Volansky
arXiv:1206.2644
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DM coupled via an ultra-light A’ mediator
(mass<< keV)

DM with an electric dipole moment
(d< TeV-1)

DM coupled via a light A’ mediator
(A’ mass~10 MeV)
DM with a magnetic dipole moment
(µ<TeV-1)

Real models already being probed...      
without even trying
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freeze-in

HOW DOES THIS COMPARE TO MODELS?
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different momentum-dependence of 
DM coupling

Essig, Manalaysay, Mardon, Sorensen & Volansky. 1206.2644
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Backgrounds poorly understood
-study needed!

Dedicated study soon in XENON100 and 
LUX?

Single-electron sensitivity in Si/Ge detectors?
- lower ionization thresholds 
- technology being developed by CDMS

Discrimination of signal/background events?
-discovery through annual modulation (~10%)?
-some other clever idea?

THE FUTURE
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CONCLUSION
Direct detection CAN probe DM masses all the 
way down to the MeV scale!

                         Technology & understanding of 
backgrounds is developing fast.

Naturally piggyback on conventional WIMP 
searches

We can already place direct detection 
constraints in the MeV-GeV range.

Watch out for XENON100 & LUX analyses soon
+ CDMS in the next few years
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BACK UP SLIDES
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Extracting limits on 1-, 2-, and 3-electron rates:
(skipping many important details...)

at 90% CL

PROOF OF PRINCIPLE: XENON10

            R1 < 39
 limits:   R2 <  4.7   counts per kg-day
            R3 < 1.1

 limits on
DM--electron 

scattering

DM--electron 
interaction

(skipping details of 
calculation...)

Essig, Manalaysay, JM, Sorensen & Volansky. 1206.2644
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